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Project overview

Goal: Develop industrially-relevant,
feedstock-agnostic catalytic processes to

generate aromatic monomers from lignin — Iolated igin
(and tOOIS to Characterlze I|gn|n) RCVF (}ig.ﬁl;l) Reductive (Fig. 15) Oxiidat;\;e(Fi’gr.il}) Base/acid (Fig. is) Thermal (Fig. 20)
« Project can enable deconstruction- Rl , - -
funneling paradigm L BT w o7 %
. . 2 o] ’ Lao 2
» Deconstruction catalysis for C—C bonds 3 . “3
T . . g 301 5 30 5
in lignin — exceed monomer yield from s @ T o
C-O bond cleavage (~30-40%) : ﬁ $ ¢ c
* Develop processes to provide high 0ol — e ﬁ 0
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Valorization (BLV) and Performance- &€ glfb Rt RGN v &
Advantaged Bioproducts (PABP) & =

. . . Schutyser et al. Chem. Soc. Rev. 2018
« Develop new lignin analytics and

conduct model compound syntheses
(down-scoped in FY23)



Technical approach

Lignin analytics and model compound syntheses

Lignin depolymerization

Aerobic oxidation to make bio-available
aromatics

Leverage industrial oxidation processes

Complementary to reductive methods
(LigFirst/LigSAF)

TEA and LCA with Biochem. Analysis project

Substrates: hydrolysis lignin, technical lignins,
RCF oil, HDO lignin

Comprehensive analytics suite to characterize
lignin in polymer/oligomer/monomer forms

Work with SepCon for advanced separations
Work with BLV and PABP to make products
Collaborate with Shannon Stahl, UW Madison

« LC/MS-MS; work with Biochem. Process Modeling &
Simulation for data analysis, posted on GitHub

» Bespoke model compound syntheses posted on

www.protocols.io

Lignin Utilization Scope
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http://www.protocols.io/

Risks, management, and milestones

Risks:

Risk: Stabilization chemistry is too expensive

Mitigation: Examine routes that use acetic acid for
stabilization, alternative C—C bond cleavage routes

Risk: Supply chain issues delay reactor systems

Mitigation: Collaborate with groups with existing flow-
based oxidation setups (UW Madison)

Management, Communication, & DEI:

Monthly project meetings, ad hoc meetings with
LigFirst/BLV, open to all

Use Dropbox for shared files

Dedicated Project Manager

Funding for early career staff to present and network
Methods are open-source (protocols.io, GitHub, publications)

Focused on physically and psychologically safe R&D
environments

Milestones:
* FY23: >50% vyield of bio-available aromatics
» FY24: >80% vyield of bio-available aromatics

* FY24 Go/No-Go: Autoxidation on phenolic
lignins (TEA/LCA)

* FY25: 280% bio-available aromatics to BLV
to produce a single compound with a
$2/GGE and 70% reduction in GHGs
relative to fossil adipic acid

RCH,OH

Single Tube or Multi-Tube

Image from Greene et al., OPRD 2015


https://protocols.io

Outline of progress and outcomes

 Lignin analytics method development
for tracking lignin in the biorefinery

» Automation of lignin MS data analysis
with BPMS project

« Analytics and synthesis protocols

» Catalytic autoxidation for C—C bond
cleavage in lignin oils

» Catalytic autoxidation of lignin HDO
substrates
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Advancing lignin analytics for linkage fingerprinting
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of 6 major lignin linkages

» Can enable direct tracking of lignin compounds throughout
a biorefinery process Dong, Mayes et al. ChemSusChem 2022 6



Energy-resolved mass spectrometry provides a unique fingerprint for all lignin linkages
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Dong,

All 6 linkages provide
distinct fingerprints —
allows rapid identification
of lignin chemistry from
fragmentation pattern...

..and the fragmentation
pattern analysis can feed
into automated
computational analysis...

Mayes et al. ChemSusChem 2022



LigninWrangler allows automated LC/MS-MS analysis of lignin

Module 1: make_lignin

New in LigninWrangler, to reflect

current understanding of lignin composition
Ralph et al., Curr. Opin. Blotechnol., 2019
del Rio ef al., ACS Sustain. Chem. Eng., 2020
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Mayes, Black et al. in preparation

Module 2: break_lignin
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Library constructed of ~21 million lignin compounds from reductive depolymerization to date...
« Library contains most recent reported discoveries in lignin chemistry for maximum feedstock versatility
Can be updated by any user and have user-fed libraries or user-fed constraints on library building



LigninWrangler Module 3: ms2molecules to narrow compound identification

Example: Evaluation of high mass accuracy beam-ERMS Precursor ion: C;H,;04" .
MS/MS spectra from a RCF oil from a poplar feedstock 0 13 64 [M_H._Hgg]?_ 375
°\° ]
Evaluation of candidate C,;H,30¢ in the default library: 2 ;77 — OV GItHUb
* All B—O—4 linkages ruled out due to lack of interunit cleavage at 10 V g ]94 M- H’-CHZO] w— 10
OH o~ ' E 0 5] | | | M-H*-CHy~CH 01 v
/0 _0 0. /0 .; [+ 3 7 —
0 ' ' o S L l I
(4 E |
» There are no candidate 5-5 or B—1 linked species with this formula 0 100 200 ' 300 400
* All B—B linked structures with this molecular formula are ring-opened, m/z
which would be expected to display far fewer product ions consistent * All candidate B—5 structures are ring-opened, which, as a
with interunit bond cleavage proposed intermediate in phenylcoumaran cleavage (Morreel

HO OH o— @ - @ o— et al., Anal. Chem., 2010), are expected to undergo linkage
—o 0 OH © cleaveage. The expected resulting fragment masses are
/ . . o

consistent with two of the four options.

* The ~100 Da gap between lower and higher product ion m/z
values is inconsistent with expected fragmentation of candidate

4-0-5 linked species [

Allows for rapid, automated identification of compound chemistry in a high-throughput manner 0




Protocols for synthesis and analytics

o -
5 j?xw 9 /O\CO les) protocols.io
riiasal

Lignin Reductive Catalytic Fractionation (RCF) Acetylated Monomers Analysis by Gas Chromatography Flame lonization Detection (GC-FID)

:©)‘\ %A Acetylated Products from Lignin Autoxidation by Liquid Chromatography tandem Mass Spectrometry (LC-MS/MS)

Lignin Reductive Catalytic Fractionation (RCF) Methylated Oxidation Products by Ultra High Performance Liquid Chromatography (UHPLC)

Exemplary compounds for
K analytical q uantitation / Lignin Reductive Catalytic Fractionation (RCF) Monomers Analysis by Gas Chromatography Flame lonization Detection (GC-FID)
G emplary model compounch 2. Synthetic Procedure of 2-(1-(4-hydroxy-3-methoxyphenyl)propan-2-yl)-6-methoxy-4-propylphenol

for synthesis
2. Synthetic Procedure of Pinoresinol

BoL'e
. ’, . O\
~0 (9 ; B-B . i

o} H oH 2. Synthetic Procedure of 2-Phenoxy-1-phenylethanol (PE)
10
HO

B-0-4 protocols.io allows for an open-source collection of step-wise protocols
with aim towards reproducibility
@ @ » Published multiple analytics and model compound syntheses online for the

\ B 5 / community to use

Haugen, Stanley, Ramirez et al. 10




Carbon—carbon bond cleavage in lignin is a major technical hurdle

Native lignin Isolated lignin
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Lignin depolymerization yields from most optimal methods usually only ~30-40%
» Refractory carbon—carbon bonds in lignin inherently limit aromatic monomer yields

Schutyser et al. Chem. Soc. Rev. 2018 11



Adapting industrial autoxidation catalysis for C—C bond cleavage in lignin

Amoco process: Previous studies of C—C bond cleavage:

Co/Mn/Br (0]
Co/Mn/Br
AcOH, O, (3-6 bar)
/©/ 175-225 °C, <2 h OH Co/Mn/Br AcOH, O (15 bar)
HO _ACOH _ 180 °C, 5 h
O >95% 79% 88% n
Vent gas Partenheimer, Catal. Today, 2000; Partenheimer, Catal. Today 2003
Water

Co/Mn/NHPI
AcOH, O, (8 bar)
Acetic acid 160-210 °C, 2.5-5.5 h
Catalyst F:(eé i|éle
p-Xylene acid
L b

Residue Mixed post- o
Terephthalic consumer HO)L(\/)J\OH HO
— plastics
Sheehan, Ullmann’s Encyclopedia, 2000

20% 61% 65%

Sullivan et al. Science, 2022

Co/Mn/Br oxidation with O, in acetic acid is effective for C—C bond cleavage in hydrocarbon substrates
« Substantial industrial precedent for this chemistry in terephthalic acid manufacturing

12



Phenols are inhibitory to autoxidation

OH I o
O~ i OH O /
OH
~o O o OH C|’ O ? ? O
OH OH
B-1 B-5 B-B 5-5

Exemplary C—C bonds in lignin that
catalytic approaches must cleave

OMe

O
(MeO) (MeO) O \O (MeO)
Protection Separation (MeO) (OMe) Oxidation OH
HO O
OMe é 0

Lignin Acetylated or
Methylated Lignin

Means to overcome phenol
inhibition through stabilization:

RO-O® + H—R —— Re+ HOO-R

RO—-Qe + HO—@*OMe — RO-OH +eo OOOMe
OMe
RO—Qe + oOOOMe e O:©<OOR

Lucarini & Pedulli, Chem. Soc. Rev. 2010

OMe

0
é OMe
b OMe

Acetylated or Methylated
Lignin Oligomers

Oxidized Monomers

Bioconversion

Methylated Monomers

13



Acetyl stabilization of phenols leads to effective C—C bond cleavage

MeO Q MeO
MeO, o] OR
O (OME) OMe
HO 0 O Lo Uianin (MeO) ° HO
oH  OH HO" S0
RCF O Oxidized  Biological
. uconate
2 °“ Lignin Cleavage weo” Y ~ome)  Oil ey | Clea vage Monomers  Funneling
Ltgnln OMe Moo O OR “00C, \=/=\COO'
OH ; ;
MeO.
oH O OH
HO
ngmn
3 mol% Co(OAc);4H;0 Catalytic strategy is effective for C—C bond
3 mol% Mn(OAc),4H,0 .
a0 C-C cleavage prodiucts cleavage in model compounds
HO 3 mol% NaBr
OMe _ AcOH, 2 h, 120 °C, 6 bar O, 3 mol% CO(OAC)2'4H20
1, 13(12)% conversion 3 mol% Mn(OAc)2-4H20 0 0
0 0 3 mol% NaBr H
same conditions oH H AcO O > OH 4
Q/\/ - . O OAc AcOH, 2 h AcO AcO
AT e AT rOTY 4 - 120 °C, 6 bar 2 OMe OMe
o e .
2, 82(10)% conversion 47(8)% total yield C-C cleavage 99.0(3)% conversion 64(2)% total yield C-C cleavage

Control reactions illustrate role of stabilization

Gu, Palumbo, Bleem et al. in review 14



Screening reaction conditions with C—C-linked dimers and oligomers

x mmol Co(OAc),'4H,0
x mmol Mn(OAc),'4H,0

y mmol NaBr
Ac. Oligomers

Oxidation [] non-aromatic products

AcOH, zh
T °C, 6 bar O,
1.0 -
A 19 wt% B 10,
S 08 A
< 15 wt% o
e 13 wt% , °< 08
2506 12 Wtk 28 o
s g0
8504 §204 -
2 wt% 5 ©
£ 02 € 02-
£
0.0 oo
= o.oo1 0.003  0.005 0007  0.009
C 10, 17wt% D 07,
$ o8 g 06
S 1wt 13W% 13 wt% S 005
£ g 06 1 £ 204
% 204 S 503
S5 S5
<) 5 =~ 02
£ 02 £
£ 2 wt% g 041
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N
n

Y

Mixture [l aromatic products

15wWt% 14 wt%
13 wt%

i i i i

o.oo1 0.003 0.005 0.007
13 wi%

12wt% 10 wio,

o h 3h 4h

C—C-linked dimers and oligomers converted to aromatic monomers at mild conditions
* Yields are based on total lignin and higher yields will be accessible in flow

Gu, Palumbo, Bleem et al. in review
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Proof-of-concept autoxidation catalysis on C—C-linked dimers and oligomers

Optimal conditions on poplar
lignin oil with monomers removed

07 - Image from Greene et al., OPRD 2015

® 13 wt%

o 0.6

% other l
-c_%’ 0.5 monomeric RCH.OH

g products 2 RCHO

$04 - H:(') =

203 - s N

=

[]

S 0.2 A .

5 N

£ 0.1 .

& . 04 wt% Single Tube or Multi-Tube

Ac. Oligomers Oxidation Mixture

] o o | o o Collaborating with Shannon Stahl,
IMeO |meo |MeO o 1| Me0 oH . Iy
| H ol i UW Madison on transition to flow
I AcO 1| AcO 1 AcO | AcO
S | "____CEM_e__J OMe

C—C-linked dimers and oligomers converted to aromatic monomers at mild conditions

» Flow chemistry is being developed now to improve selectivity to and yield of aromatic products
» Ongoing work to simplify stabilization reaction, including with acetic acid only
« Compounds are bio-available (see BLV presentation)

Gu, Palumbo, Bleem et al. in review 16



Methylation of phenols is another effective stabilization strategy

Methylated 8 Wt% Mn(OAc),+4H,0, 12 wt% Zr(acac),
AcOH, O, (6 bar), 1.5 h, 150 °C

Oligomers

© o o =
kS o o) =)

Monomer Content
(mmol / g substrate)

=
N

o
o

= o o =
> o) © =]

Monomer Content
(mmol / g substrate)

ot
)

0.027

Pine Pine
Oligomers Oligomers
Substrate Oxidation

e

0.96

0.064

Poplar Poplar
Oligomers Oligomers
Substrate Oxidation

Pine Oligomers
Oxidation

Pine Oligomers
Substrate

10 10° 10
Molecular Weight (g / mol)

Poplar Oligomers
Substrate

102 10° 10*
Molecular Weight (g / mol)

Methylated
Oxidation Monomers

Mn/Zr system shown to be effective with

methylated lignin

» Ongoing work to determine if dimethyl
carbonate can be used for methylation

» Demonstrated this chemistry to be effective

with both pine and poplar RCF ol

« Methylated products are also bio-available

(work with BLV)

Palumbo, Gu, Bleem et al. in review

17



Oligomers from lignin hydrodeoxygenation result in high product yields

82 wt%
=61
‘©
o} -
@ HO OH (| 5 - $8 (e}
” OH > > 49 wt% g %o o 15% ligni
Reductlve oF =~ Wt/ of olignin
Catalytic O 4 c o $4 conversion
Fractionation Hydro € 'g é (@) ..
@ deoxygenation 3 a 2 W $2 o 39% I|gr)|n
e =3 £5 8 O o conversion
Performance- O o Q55 $0 4 o o
advantaged ) S (é '-'E- Z ——52% lignin
Sustz?r?able g O O 24 4.4 = 2 -$2 © conversion
. @ o= . .
Materials @ Autoxidation £ — £ -$4 1 0—80% lignin
21- = 0 025 05 075 1 conversion
@ P°|ymer'zat'°n § Productivity (g/L/h)
M ‘Blologlcal oo ﬁ 0- DO DO These yields can enable a >$2/gge
\ g, ~‘Fnnsling é* N oil Oxidation contribution to biorefinery economics
.HDO Aromatics [l Triacids with biological funneling (BLV)
Diacids Monoacids

Palumbo, Werner, Webber et al. ongoing 18



Scientific: - 8%

 First catalytic strategy for lignin depolymerization to aromatics to definitively
cleave C—C bonds in lignin

« Breaks the “monomer yield ceiling” set by C-O bond cleavage alone

« Enables “single valuable product” lignin valorization strategy

» Publications and patent applications for lignin autoxidation will be online in 2023,
with TEA and LCA ongoing

 Lignin analytical tools for high-throughput, automated lignin analysis

(<]

o
1

1 49 wt%

~
L1

4.4

N
L 1 L 1

Monomer Content {(mmol / g HDO oil)
- w
1

[=]
I L

HDO HDO

. Qil Oxidation
I nd UStrI al : HDO Aromatics Triacids
| | Diacids Monoac ids
« Companies actively funding our lignin analytics capabilities and/or
using our new methods in their labs Honeywell E)Kon MObiI

* Energy I-Corps team will be proposed around lignin autoxidation in
early FY24

uop
« Can enable 280% yield to a single product from lignin and also Borregaard )
be complementary to LigSAF efforts (light and heavy ends)

SUSTAINABLE FIBER
TECHNOLOGIES

Overall: Catalytic C—C bond cleavage can enable substantially higher-yielding lignin valorization processes



Summary

Overview

« Aim to develop viable processes to increase
the theoretical monomer yield from lignin
alongside robust analytics and accessible
compound syntheses

Approach Catalytic and Biological

+ Oxidation catalysis for C—C bond cleavage to Valorization of Lignin to Chemicals

make water-soluble, bio-available monomers
Progress and outcomes

* Developed an automated MS analysis pipeline
for rapid lignin compound identification

« Demonstrated a robust method for C—C bond
cleavage leveraging an industrial process from .
; N Conyaton Separations Catalysis &
multiple lignin substrates B

Polymerization

Micr

SO
JrO
0585
o
o«
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© Pt
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“ oy

s

Collaborations and ImpaCt Beckham et al., Curr. Opin. Biotech. 2016

»  Work with all BETO-relevant lignin projects

and with multiple industry partners ”



Quad chart overview

Project Goal

Develop industrially-relevant processes and
tools for lignin valorization

FY22 funding Total Award End of Project Milestone |
Deliver concentrated, lignin monomer-rich

streams that contain 80% bio-available
aromatic compounds to BLV, which can enable
muconic or B-ketoadipic acid production at
industrially relevant bioprocess parameters.
Demonstrate a $2/GGE and 70% reduction in
GHG emissions relative to fossil-based adipic
acid production.

Project Partners

EE'II'O_prﬁj_t_ect_s: I\_/iglnir)-FJi[_rst BiSorefine(y De(\:/eloprpt_ent, Funding Mechanism

iological Lignin Valorization, Separations Consortium, Bioenergy Technologies Office FY23 AOP Lab
: . . y Technologies Office a
Biochemical Platfc.>rm Anal_y3|s Call (DE-LC-000L015) — 2022

Nat’l labs: Oak Ridge National Laboratory

University collaborators: Massachusetts Institute of TRL at Project Start: 2

Technology, University of Wisconsin Madison TRL at Project End: 4
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Recoverable bases for base-catalyzed depolymerization of lignin

Kruger et al. Green Chem. 2022

L@'I ij co, |_|—) Carboxylic phenolic monomers

Op-Hydroxybenzoic Acid

Alkaline Oxidation Neutralization Extraction )
Non-carboxylic
N N [1 > oo 0% —
monomers ®Ferulic Acid
Flitration Flltration -
0, (Aif) >| [ - 25% R op-Coumaric Acid
Lignin 4 = P > A L 7 - .
HO—>o © |, A AN [ ¢ B Syringic Acid
M(OH), — > loc—~— (- ) L J&«—Organic solvent 20% - .
T L = = l - Adqueous phase OVanillic Acid

Monomer Yield (g/g lignin)

High MW lignin MCO, Aliphatic acids 15%
T Excess M(OH). T "Q'""""""'"""""': mAcetosyringone
M(OH), i N - : 0 ,
H:0 ! ——> Lignin-containing stream ' 10% DAcetovanillone
T l MO < - i —> Sr or Ba-containing stream E b .
h E ——> Combined stream i 59 BSyringaldehyde
N } ¢ oo i @Vanillin
i 1 ) M(OH); = Ba(OH); or Sr(OH); |
Regeneration i ) MLOL BaC(O1 o): SrCO(a )2 E 0% Op-Hydroxybenzaldehyde
| : 1 NaOH Ca(OH), Sr(OH), Ba(OH),
e MO=BaOorSO ] Base

NaOH use is a major contributor to environmental impacts of some lignin processes
» Sr(OH)2 is a recoverable base that shows similar yields of monomeric aromatics to NaOH
* TEA and LCA both indicate promise in using recoverable bases to replace NaOH
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Responses to previous reviewers’ comments

o  More details on the composition of the oxidized lignin mixtures will be helpful, but the literature suggests that complex
mixtures of products will result.

o  We agree that yield measurements and mass balances are critical. However, as the reviewers know, these
measurements take a substantial amount of time to do rigorously for lignin. In terms of products, we fully agree
that lignin oxidation products will be heterogeneous—this is why the Lignin Utilization project is working very
closely with the Biological Lignin Valorization project to use microbes downstream of oxidative depolymerization
to be able to produce high yield of single lignin-derived products.
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